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Abstract 
A transient measurement technique by using narrow-band thermochromic liquid crystal (TLC) is employed to determine tempera-
ture and heat transfer coefficient (HTC) distribution on inner surfaces of the typical lamilloy configurations. With this technique, both 
local HTC distribution and average HTC distribution could be obtained. The experimental results indicate that the variation of the poros-
ity ratio, the one that the area of impingement holes divided by that of the plate, has a great effect on the HTC distribution on the inner 
surfaces. Heat exchange of inner surfaces varies directly as the porosity ratio. The impingement Reynolds number ranges from 20 000 to 
50 000. The average HTC of inner surfaces bears a linear relationship with the Reynolds number. 
Keywords: lamilloy; thermochromic liquid crystal (TLC); turbine blade; heat transfer coefficient (HTC) 
1 Introduction* 
In recent years, to improve the efficiency of 
aeroengine, has been found a rapid increase in the 
turbine inlet gas temperature, which poses an urgent 
requirement of improving cooling technique of 
gas-turbine vanes and blades. Lamilloy, which com-
bines impingement, pin fin array and film cooling, 
is one of the most prospective cooling configura-
tions for next generation aeroengines. The basic 
construction of lamilloy configuration is the im-
pingement cooling combined with pins. Intensified 
impingement jet cooling, enhanced heat exchange, 
enlarged internal heat transfer area with the pin fins 
array and the hot-side cooling film afforded by out-
let holes—all these have found wide applications in 
the high temperature parts of high-pressure turbines, 
and improved cooling effects by consuming the 
same amount of cooling air as traditionally required. 
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There were some researchers who had investi-
gated the impingement cooling combined with pins. 
Rhee et al.[1] studied the heat transfer characteristics 
of target plates with an initial crossflow by using the 
naphthalene sublimation method. With an initial 
crossflow, the flow and heat/mass transfer charac-
teristics would undergo a significant change if 
compared to those without it. They also studied the 
heat/mass transfer characteristics of different hole 
arrangements (stagger, square, hexagonal) on the 
plates[2]. Quan et al.[3] measured the cooling effi-
ciency of realsize impingement configuration com-
bined with pins by using infrared technique, and 
reported that the cooling efficiency could be in-
creased by 80%. Lately, Funazaki et al.[4-7] carried 
out detailed researches on the heat transfer charac-
teristics of this configuration on inner surfaces by 
using the transient thermochromatic liquid crystal 
(TLC) technique associated with the numerical 
method. They clarified the distribution of heat 
transfer coefficient (HTC) on both target plates and 
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pin surfaces and studied the effects of the ratio of 
the pin height to the impingement hole diameter, 
which ranged from 0.75 to 2.00. Changmin et al.[8] 
paid attention to the HTC distribution of target 
plates, which interact with different impingement 
jets. 
In order to better understand the flow and heat 
transfer characteristics of impingement channel as-
sociated with pins, the inner surfaces HTC of two 
lamilloy models were measured with the narrow- 
band TLC transient technique under different Rey-
nolds numbers. The technique that measures heat 
transfer using liquid crystals was first used early in 
the 1980’s[9]. Since then, a lot of satisfied results of 
heat transfer measured with the transient technique 
have been acquired[10-11], and the basic methodology 
of the technique together with its experimental data 
were well documented.  
2 Experimental Apparatus 
Fig.1 shows an experimental system, where an 
airflow produced by fans moves through a valve, a 
flow meter and a heater. Before measurement, the 
heated airflow is vented out of the bypass channel 
shown in Fig.1 with a thermocouple at the outlet of 
the channel to monitor its temperature. As soon as 
the airflow temperature reaches the required value, 
it is switched from the bypass channel to the test 
model by closing the electromagnetic valve No.1 
and opening the valve No.2. At the same time, the 
thermocouple temperature collector and CCD video 
camera start working and complete the whole mea- 
surement in one minute. A regulating valve arranged 
at the exit of the bypass channel is used to prevent 
the airflow rate from changing after its switching. 
 
Fig.1  Sketch of experimental system. 
Fig.2 presents the sketch of the experimental 
model, where the two test models are defined as A 
and B, each consisting of an impingement plate, a 
target plate and pins. The pins are joined tightly to 
the target and the impingement plate to form inter-
nal coolant passages. The specific dimensions of the 
model A and B are shown in Table 1. In Fig.2, the 
model A consists of one impingement hole at the 
center of the impingement plate and sixteen pins. In 
the model A, at the four corners of the target plate 
exist four outlet holes of the same size, each with an 
opening quartered circle-segment while in the im-
pingement plate. Model B, exist four opening quar-
tered circular impingement holes at four corners of 
the impingement plate, one circular impingement 
hole at the center, sixteen pins and four opening 
halved outlet circle-segments at the middles of four 
sides of impingement plate. Before discharging 
from outlet holes, the impinging coolant flow passes 
through three pin arrays in the model A, and two pin 
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arrays in the model B. It is well known that the ratio 
of the hole spacing S to the hole diameter D plays 
an important role in affecting the porosity of the 
lamilloy configuration and, in turn, its flow resis-
tance and heat transfer characteristics. In this paper 
the ratio S/D = 9.176 for the model A, and S/D = 
6.483 for the model B are assumed. The porosity of 
the configuration increases as the ratio S/D deceases. 
It is supposed that the Reynolds number Re = ρνD/μ, 
where ρ is airflow density; μ dynamic viscosity co-
efficient; ν and D are the average flow velocity and 
diameter of the impingement hole respectively. In 
this experiment, Reynolds number ranges from 20 
000 to 50 000. 
 
Fig.2  Test model consisting of an impingement plate, a target plate and pins. 
Table 1 Specific dimensions of the models A and B 
 Area(target and 
impingement 
plates)/mm2 
Target plate 
thick-
ness/mm 
Impingement hole 
diameter D/mm 
and hole number 
Diameter/mm, 
height/mm and num-
ber of pins 
Impingement plate 
thickness/mm 
Diameter/mm 
and  number of 
outlet holes 
Model A 110×110 10 12/1 12/10/16 10 12/4 
Model B 110×110 10 12/5 12/10/16 10 12/4 
 
3 TLC Measurement Technique 
The test model inclusive of a target plate, an 
impingement plate and pins is made of perspex thus 
ensuring good optical access and low thermal diffu-
sivity. TLC is coated onto the measured surface of 
the target plate and the impingement plate (see 
Fig.3). Black ink is applied over the coatings for 
improving visibility. 
 
Fig.3  Coating layers on internal surfaces of the model. 
A brief explanation is given in the following 
for the transient technique in heat transfer mea-  
surement using TLC. In this experiment is used 
narrow-band TLC with the range of off-color tem-
peratures less than 2 °C. The liquid crystal displays 
are shown in different colors at different tempera-
tures ensuring a clear and precise correspondence 
between colors and temperatures, from which the 
temperature distribution on the surfaces is under-
stood. The heat transfer experiment is carried out on 
the assumption that the heat conduction in the wall 
of the model satisfies one-dimensional semi-infinite 
body theory. Suppose that the test model is suddenly 
heated by a flow of temperature Tg over the surface, 
whose initial temperature is T0 and is raised to Tw by 
the time t. The HTC h, can be calculated as follows: 
 Kong Manzhao et al. / Chinese Journal of Aeronautics 21(2008) 28-34 · 31 · 
 
( ) ( )2w 0
g 0
1 exp erfc
T T
T T
β β− = −−         (1) 
where 
1/ 2
th
ck
β ρ
⎛ ⎞= ⎜ ⎟⎝ ⎠ , , ,c kρ are density, specific 
heat capacity and thermal conductivity of the per-
spex. Since the flow temperature usually changes 
gradually with time, the above-mentioned expres-
sions should be modified as below: 
w 0 g
1
( )
N
i
i
T T U t Tτ
=
− = − Δ∑          (2) 
where g g, g, 1i iT T T −Δ = − . 
( ) ( )221 exp erfc ii i thU t t h ckk
ττ α τ ρ
⎡ ⎤⎡ ⎤ −− = − − ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
 (3) 
To measure the actual time-dependent flow 
temperature Tg,i, the elapsed time τi and gTΔ , h can 
be aquired by numerically solving Eq.(2) and Eq.(3). 
For more details see Refs.[7,12-13]. 
4 Error Estim ation 
A standard uncertainty analysis of the experi-
mental results described by Klin and McLlintock[14] 
is carried out. The uncertainty of the local HTCs 
ranges from 5% to 8%. The uncertainty in the time 
measurement of the color change is 0.5tΔ = ± s; the 
uncertainty in the color change temperature is 
w 0.2TΔ = ± °C; the uncertainty in the mainstream 
temperature is g 1.0TΔ = ±  °C; and the uncertainty 
in the wall material properties is (1/ ) 5%ckρΔ = ± . 
Since the experiment time is less than 60 s in all 
tests and the heat diffusivity of the model material is 
very low，the lateral heat conduction effects are 
believed to be so small that they can be ignored. For 
more details see Ref.[15]. 
5 Experimental Results 
The experimental results under Re = 40 000 are 
taken as an example to illustrate the heat transfer 
distribution. Fig.4 shows the contour plots of the 
HTC distribution on the surfaces of target plates and 
impingement plates for the model A and Fig.5 for 
the model B. On the target plates, the black halved 
and quartered circles represent the position of outlet 
holes, and the blue circles the position of pins. On 
the impingement plates, the gray circles represent 
the position of impingement holes.  
 
(a) Target plate 
 
(b) Impingement plate 
Fig.4  Heat transfer contours on target and impingement 
plates of model A (Re=40 000). 
 
(a) Target plate 
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(b) Impingement plate 
Fig.5  Heat transfer contours on target and impingement 
plates of model B (Re=40 000). 
Fig.4 shows the contours of the target plate of 
the model A, in which h distribution is almost sym-
metrical to the center of the model. The airflow en-
ters the internal channel of the lamilloy model 
through the impingement holes. In the central part 
of the target plate surface, high transfer coefficients 
appear because of the effects of the impingement. In 
the region between the pins near the impingement 
center, exist 4 secondary peak regions of local high 
heat transfer denoted by the letter “a” in the figure. 
These heat transfer peak regions might be attributed 
to the result of typical pattern of impinging jet under 
the condition of small gap distances[16]. After the 
impingement, the mass flow flux of the coolant re-
duces rapidly due to the increase of the channel sec-
tion area causing reduction of heat transfer. h be-
comes much lower in the region near the outlet 
holes. The airflow is blocked by the pins especially 
in the wake region “b”, where the low heat ex-
change is mainly due to the low velocity of the flow. 
In the region “c” near the outlet holes, local HTC 
increases caused by the suction effects of the outlet 
holes, which accelerate the flow and make the 
boundary layer thinner.  
The HTC contours on the impingement plate of 
the model A are characterized by symmetry, but the 
HTC values are lower than those of target plate par-
ticularly in the central part of the plate. As is shown 
in Fig.4, without impingement effects on this plate, 
the contours show relatively high values of heat 
transfer coefficient in the central part “d”. It is 
known that a vortex will form on the target plate as 
the jet impinges upon it. The vortex could push the 
flow moving upward to the impingement plate cre-
ating positive effects on heat transfer enhancement 
there. On the other hand, as the coolant flows 
around the pins in the channel, the horse vortices 
should form at the roots of the pins, which are also 
helpful for increasing heat transfer. The augmenting 
effects can also be seen at pin roots in the region “e” 
located far away from the center of the plate. It can 
be concluded that the pins in the lamilloy configura-
tion play an important role in heat transfer en-
hancement of internal channel. In the region “f”, the 
blocking effects of the pins lead to lowering heat 
transfer in the wake region, which is similar to that 
on the target plate.  
For the model B, HTC contour plots of im-
pingement and target plates are shown in Fig.5, 
from which, it is seen that in the central part of the 
model the pattern and values of the HTC distribu-
tion are similar to those for the model A. However, 
different from the model A, in the model B exist 
four high heat transfer regions at the corners caused 
by the impingement effects of other holes. In 
Fig.5(b), grey color is used to mark the locations of 
the impingement holes. As is mentioned earlier, the 
S/D values of the model B are much smaller than 
those of the model A, which is again confirmed by 
Fig.6(b) and Fig.5(b). It can be imagined that the 
average HTC values of the model B should be ob-
viously larger than those of the model A although 
the augmenting effects of individual jet impinge-
ments are very close to each other under the condi-
tion that the jet Reynolds number remains identical. 
The local heat transfer increases at the leading edge 
of the pins far away from the impingement area and 
the heat transfer reduction in the wake can also be 
identified in the model B in the figure by the regions 
“h” and “k”. 
By comparing the contours in Fig.4 and Fig.5, 
it can be observed that the variation of h along the 
plates in the model A is larger than in the model B. 
More uniform HTC distribution would be preferred 
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from the viewpoint of engineering practices. 
Fig.5 shows the contours of somewhat asym-
metrical nature, which might be blamed for the 
slight non-uniformity of the jet flow field at the en-
trance during the experiment. 
6 Average HTCs 
Fig.6 shows the experimental average HTC of 
both target and impingement surfaces in the inves-
tigated lamilloy configuration under different Rey-
nolds numbers of the model A and the model B. The 
symbol, T.P., denotes target plates while I.P. im-
pingement plates. From Fig.6, it is obvious that the 
HTC increases with Re. As is mentioned above, the 
porosity ratio of the model B is about twice that of 
the model A thereby suggesting that more cooling 
air should be consumed under the same Reynolds 
number. Moreover, the average HTC values of the 
Model B exceed those of the model A by 30%. It 
should be noted that the porosity ratio plays a role 
in average HTC of the target plates more important 
than in the impingement plates. The average HTC 
values of the model B are about 15% higher than 
those of the model A. 
 
Fig.6  Experimental data of averaged HTCs. 
7 Conclusions 
The transient TLC measurement technology is 
employed to measure heat transfer distribution on 
internal channel surfaces of two typical lamilloy 
configurations, and the heat transfer characteristics 
are obtained. The conclusions could be drawn as 
follows: 
(1) The HTC distribution of inner surfaces of 
the two configurations can be obtained successfully 
by using the TLC technique. The experimental re-
sults are helpful to analyze heat transfer characteris-
tics and optimize the configuration of lamilloy. 
(2) The HTCs of the target plates are much 
higher than those of the impingement plates. How-
ever, the HTCs distribution of impingement plates is 
more uniform than that of target plates. High HTCs 
values of target plates appear in the impinged area, 
around which can be observed the second peak 
HTCs region. The suction effects of the outlet holes 
also result in high HTCs values in the vicinity. On 
the impingement plates, the high HTC values appear 
at the roots of the pins due to the vortices. 
(3) The porosity ratio has a great effect on the 
inner heat transfer of the lamilloy. The larger the 
porosity ratio, the higher the HTC. The heat transfer 
distribution becomes more uniform as the number of 
impingement holes increases. 
(4) Experimental results indicate an approxi-
mate linear relationship that exists between the av-
erage HTCs of internal surfaces and the Reynolds 
numbers in the investigated ranges. 
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